The soluble ectodomain of fibroblast growth factor receptor-IIIc (sFGFR2c) is able to bind to fibroblast growth factor (FGF) ligands and block the activation of the FGF-signaling pathway. In this study, sFGFR2c inhibited lung fibrosis dramatically in vitro and in vivo. The upregulation of α-smooth muscle actin (α-SMA) in fibroblasts by transforming growth factor-β1 (TGF-β1) is an important step in the process of lung fibrosis, in which FGF-2, released by TGF-β1, is involved. sFGFR2c inhibited α-SMA induction by TGF-β1 via both the extracellular signal-regulated kinase 1/2 (ERK1/2) and Smad3 pathways in primary mouse lung fibroblasts and the proliferation of mouse lung fibroblasts. In a mouse model of bleomycin (BLM)-induced lung fibrosis, mice were treated with sFGFR2c from d 3 or d 10 to 31 after BLM administration. Then we used hematoxylin and eosin staining, Masson staining and immunohistochemical staining to evaluate the inhibitory effects of sFGFR2c on lung fibrosis. The treatment with sFGFR2c resulted in significant attenuation of the lung fibrosis score and collagen deposition. The expression levels of α-SMA, p-FGFRs, p-ERK1/2 and p-Smad3 in the lungs of sFGFR2c-treated mice were markedly lower. sFGFR2c may have potential for the treatment of lung fibrosis as an FGF-2 antagonist.
INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a progressive, irreversible and lethal lung disorder of unknown etiology. IPF involves extracellular matrix (ECM) remodeling and deposition, collagen accumulation and fibroblast destruction (1) .
Myofibroblasts are generally considered to be key effector cells in the development of fibrosis (2, 3) , the hallmark of which is the expression of α-smooth muscle actin (α-SMA). Myofibroblasts are the main source of type I collagen and fibrogenic cytokines in fibrotic lesions and contribute to the altered mechanical properties of affected lungs (4, 5) . The polypeptide mediators and growth factors believed to be pivotal for fibrosis include transforming growth factor-β (TGF-β), vascular endothelial growth factor (VEGF), fibroblast growth factor-2 (FGF-2), platelet-derived growth factor, connective tissue growth factor (CTGF), insulin-like growth factor, epidermal growth factor, interleukin-18 and endothelin (ET) (6) . TGF-β plays the most important role in the expression of α-SMA. The SMA promoter harbors Smad binding elements, which specifically bind Smad3 (7) . Mitogen-activated protein kinases (MAPKs), including p38 and extracellular signal-regulated kinase 1/2 (ERK1/2), are required for the TGF-β-induced expression of α-SMA (8, 9) . TGF-β also induces α-SMA expression via a mechanism that involves ET-1 but which is independent of Smad and c-Jun N-terminal kinase (c-JNK) (10, 11) . In addition to α-SMA, TGF-β induces key markers and effectors of myofibroblast differentiation, including CTGF (CCN2). CTGF is a common target for both TGF-β and ET-1 (12) and is an important mediator of ECM deposition (13) .
During the formation of lung fibrosis, FGF signaling is believed to be profibrotic because it promotes the proliferation of fibroblasts and myofibroblasts (14, 15) . TGF-β stimulates the release of FGF-2 and upregulates the expression of FGFR1 and FGFR2 (16) (17) (18) . Nevertheless, some studies have led to a different conclusion. For example, FGF-1 was found to display antifibrotic functions by downregulating collagen expression and antagonizing some of the profibrotic effects of TGF-β (7, 16, 19) .
FGFs execute diverse functions by binding and activating members of the FGF receptor (FGFR) family. There are four FGFR genes that encode functional receptors, FGFR1-FGFR4. FGFRs consist of three extracellular immunoglobulin (Ig) domains (Ig-I, Ig-II and Ig-III), a single transmembrane domain, and a cytoplasmic tyrosine kinase domain (20) . FGFRs have several isoforms because exon skipping can remove the Ig-I domain. Alternative splicing produces the IIIb and IIIc isoforms, which have distinct FGF binding specificities and are predominantly expressed in epithelial and mesenchymal cells, respectively.
The extracellular fragment of FGFRs is called soluble FGFR (sFGFR), and it can competitively bind to FGFs and inhibit the FGFR signaling pathway (21) . In our study, we designed sFGFR2c to study the role of FGF signaling in myofibroblast differentiation. sFGFR2c contains two Iglike domains of the FGFR2IIIc subtype and is the most common receptor of FGF-2 (22, 23) .
Here, we report that sFGFR2c inhibits the expression of α-SMA in primary mouse lung fibroblasts via both the Smad-dependent and -independent signaling pathways that are activated by TGF-β. In vivo, sFGFR2c diminishes the development of bleomycin (BLM)-induced lung fibrosis in mice. The inhibition of sFGFR2c may be related to the FGF-2 signaling pathway.
MATERIALS AND METHODS

Cell Lines, Reagents and Antibodies
Primary lung fibroblasts were purchased from the Institute of Basic Medical Sciences of the Chinese Academy of Medical Sciences and the School of Basic Medicine of Peking Union Medical College. The following primary antibodies were used. Rabbit anti-FGF-2 was purchased from R&D Systems (Minneapolis, MN, USA). Mouse anti-α-SMA was purchased from Millipore (Billerica, MA, USA). Rabbit anti-β-actin, mouse antiSmad2 and rabbit anti-Smad3 were purchased from Cell Signaling Technology (Beverly, MA, USA). Mouse anti-p-ERK, rabbit anti-ERK/anti-p38/anti-p-p38/ anti-pFGFRs/anti-JNKs/CD34/antip-Smad2/3, mouse anti-p-JNKs and horseradish peroxidase-conjugated secondary antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
The tyrosine kinase selective inhibitors PD98059 and SB203580 were purchased from Tocris Bioscience (Bristol, UK).
sFGFR2c Expression, Renaturation and Purification
The DNA fragment from D2 to D3 of the FGFR2IIIc isoform (amino acids 147-366 of hBEK) was amplified by polymerase chain reaction (PCR), cloned into the pET3c vector and expressed in Escherichia coli. After renaturation and purification (referred to in our previous work [23] ), sFGFR2c of greater than 95% purity was harvested.
Cell Culture
Primary lung fibroblasts were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) with standard antibiotics in a 95% air, 5% CO 2 humidified atmosphere at 37ºC for all experiments.
Animal Treatment
All procedures involving animals were performed in accordance with the institutional animal welfare guidelines of the Experimental Animal Research Center of Sun Yat-Sen University. BLM (3 mg/kg; Nippon Kayaku Co., Tokyo, Japan) was intratracheally administered in 25 μL saline to male C57BL/6 mice (8 wks old, obtained from the Experimental Animal Research Center of Sun Yat-Sen University). The animals were allocated to five groups, as follows: 3 d after the surgery, (a) intratracheal saline, (b) intratracheal saline + intraperitoneal sFGFR2c (50 μg/daily), (c) intratracheal BLM, (d) intratracheal BLM + intraperitoneal sFGFR2c (50 μg/daily); 10 d after the surgery, (e) intratracheal BLM + intraperitoneal sFGFR2c (50 μg/daily). After 10, 17 or 31 d, the animals were killed, the lungs were removed and the lung tissues were incubated in formalin for hematoxylin and eosin (HE) staining, Masson trichrome and immunohistochemical staining. Other lung tissues were directly used for the hydroxyproline assay, bronchoalveolar lavage fluid (BALF) assay and enzyme-linked immunosorbent assay (ELISA).
Surface Plasmon Resonance Analysis of sFGFR2c/FGF-2 Interactions
Kinetic analyses of sFGFR2c/FGF-2 interactions were performed with a BIAcore 3000 instrument GE Healthcare (Chalfont St. Giles, UK) (22) . FGF ligands were immobilized on research grade CM5 chips. Five different concentrations of sFGFR2c in HBS-EP buffer (10 mmol/L HEPES, 150 mmol/L NaCl, 3 mmol/L EDTA, 0.005% surfactant P-20), from 10 to 50 μg/mL, were injected into the FGF sensor chips at a flow rate of 50 mL/min. At the end of each sample injection (180 s), HBS-EP buffer was passed over the sensor surface to monitor the dissociation phase. Following 180 s of dissociation, the sensor surface was fully regenerated by the injection of 50 mL of 2 mol/L NaCl in 100 mmol/L sodium acetate buffer (22) .
Proliferation Assay
One hundred microliters DMEM supplemented with 10% FBS with 5000 fibroblast cells/mL was added into each well of a 96-well plate for 24 h, and the cells were then serum starved for 24 h in DMEM with 1% FBS. The experiment included a control group, sFGFR2c groups (20, 40, 80 ng/mL) and FGF-2 (10 ng/ mL) plus sFGFR2c groups (20, 40 , 80 ng/ mL). After 48 h of culturing, the cells were incubated with 100 μL cholecystokinin octapeptide (CCK8) in each well for 1-4 h, and the wavelength absorbance was measured at 450 nm. The mean value of five wells was calculated, and each experiment was repeated three times.
Detecting the Release of FGF-2 after Induction of TGF-β1 by ELISA
Fibroblasts were seeded in duplicate wells in six-well plates at an initial density of 1 × 10 5 cells/well and cultured for 1 d. Following starvation for 12 h, the cells were incubated in 2 mL DMEM alone or in DMEM supplemented with recombinant human TGF-β1 (4 ng/mL). FGF-2 was extracted from the ECM according to the protocol of Nakamura et al. (24) . After incubation for 0.5, 1 and 24 h, cell culture medium was collected for FGF-2 quantitation. ELISAs were performed in duplicate wells of ELISA kits (R&D Systems) according to the manufacturer's instructions.
Real-Time PCR
Total RNA extraction and synthesis of cDNA were carried out using previously published methods (25) . Quantitative real-time reverse transcription (RT)-PCR was performed with the IQ SYBR Green Mix in an iCycler PCR machine (BioRad), using 1 μL cDNA in triplicate, with 18s rRNA as the internal control. Primers included the following: FGF1, forward 5′-CAGGA GCGAC CAGCA CAT-3′; reverse 5′-CGTGT CTGTG AGCCG TAT-3′, FGF2, forward 5′-GTGCC AGATT AGCGG ACGC-3′, reverse 5′-TCGGC CGCTC TTCTG TCC-3′; 18s rRNA, forward 5′-CGTCT GCCCT ATCAA CTTTC-3′; reverse 5′-GATGT GGTAG CCGTT TCTCA-3′; α-SMA, forward 5′-GCCAA GCACT GTCAG GAATC C-3′, reverse 5′-CACAA TGGAT GGGAA AACAG CC-3′; PAI-1, forward, 5′-GTTCT GCCCA AGTTC TCCCT G-3′; reverse, 5′-GAAAC TGTCT GAACA TGTCG GTCA-3′; TIMP3, forward, 5′-GCAGA TGAAG ATGTA CCGAG GC-3′, reverse, 5′-TGGTA CTTGT TGACC TCCAG CTTA-3′; and FN1, forward, 5′-ATGAA GAGGG GCACA TGCTG A-3′, reverse, 5′-CTCTG AATCC TGGCA TTGGT CG-3′.
Western Blot
Western blot analysis was performed following a standard procedure. Equal amounts of protein (20 μg) were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting, as described previously (18) . Immunoreactive bands were visualized by an enhanced chemiluminescence reaction kit (Thermo Fisher Scientific, Waltham, MA, USA). Protein concentration was determined by a BCA protein assay kit (Thermo Fisher Scientific).
To inhibit the activation of p38 MAPK and ERK, serum-starved fibroblasts were pretreated with SB203580 (10 μmol/L) or PD98059 (20 μmol/L) for 1 h, followed by incubation with TGF-β1 (4 ng/mL) and sFGFR2c (40 ng/mL). p-FGFRs, FGFR2, ERK1/2, p-ERK1/2, p-p38, JNKs, p-JNKs, Smad2/3, p-Smad2/3 and α-SMA protein levels were analyzed by Western blotting.
RNA Interference
siRNA duplexes against human Smad2, Smad3 and control (scrambled) siRNA were synthesized by Shanghai GenePharma. The sense strands of siRNAs were as follows: negative control: 5′-UUCUC CGAAC GUGUC ACGUT T-3′; Smad3-siRNA: 5′-AGUAG AGACA CCAGU UCUAT T-3′; Smad2-siRNA: 5′-GGUGU UCGAU AGCAU AUUAT T-3′. Fibroblasts were seeded into six-well plates, grown to 40-60% confluence and then transfected with siRNAs for 4 h using LipofectAMINE 2000 (Invitrogen).
The cells were allocated to three groups: si-negative control group, siSmad2 group and si-Smad3 group. Each group was treated with phosphatebuffered saline (PBS), TGF-β1 (4 ng/mL) and sFGFR2c (40 ng/mL) + TGF-β1 (4 ng/mL). The protein levels were analyzed by Western blotting.
Lung Tissue Sampling and Immunohistochemistry
The lung tissues of mice were fixed in 10% buffered formalin, stained with HE and Masson trichrome, fixed in formalin and embedded in paraffin. Immunohistochemical stainings for α-SMA, pFGFRs, p-ERK1/2, p-Smad3 and CD34 were performed according to the manufacturer's protocol.
Hydroxyproline Assay
We measured collagen content in the lungs with a conventional hydroxyproline assay, using a hydroxyproline kit (KeyGEN Biochemical Institute, Nanjing, China) according to the manufacturer's instructions. The experimental results were quantified by comparison to a standard curve of known hydroxyproline concentrations.
Inflammatory Cell Counts from BALF
Mice were killed by intraperitoneal pentothal injections. The tracheas were exposed, and BALF was obtained by three instillations of 1 mL of ice-cold PBS. BALF was centrifuged, resuspended and cytospun onto slides and Diff-Quik stained according to the manufacturer's protocol. The number of total cells and the number of macrophages, lymphocytes and neutrophils were counted under a light microscope.
Cytokine Measurement
After the addition of 0.8 mL ice-cold lysis buffer (20 mmol/L HEPES, 100 mmol/L NaCl, 1% NP-40, 10% glycerol, 0.1 mmol/L phenylmethylsulfonyl fluoride, 10 μg/mL aprotinin, 10 μg/mL leupeptin, 0.5 mmol/L sodiumvanadate) to the left or right lung lobes from each mouse, homogenates were prepared with an ULTRATURRAX T8 homogenizer (IKA Labortechnik, Staufen, Germany). After centrifugation, the supernatants were prepared from the lung homogenates and stored in a freezer (-80°C). The ELISA kits for determining CTGF, TGF-β1 and FGF-2 were all purchased from R&D Systems. All ELISA assays were performed as described above.
Statistical Analysis
The data are expressed as the mean values ± standard deviation (SD). Statistical significance was determined by a one-way analysis of variance or t test. P values less than 0.05 were considered significant.
RESULTS
Binding of sFGFR2c to FGF-2 as Detected by SPR
The binding of sFGFR2c to FGF-2 was measured by SPR ( Figure 1A) . It was Figure 7 . Silencing the expression of Smad 2 and 3 by specific siRNA showed that the Smad3 signaling pathway participated in the regulation of α-SMA expression by TGF-β1. The inhibitory effect of sFGFR2c on the induction of α-SMA by TGF-β1 might be linked to the Smad3 signaling pathway. (A) TGF-β1 phosphorylated Smad2/3, which was antagonized by sFGFR2c and anti-FGF-2. (B) Silencing Smad2 did not affect the inhibitory effect of sFGFR2c on α-SMA expression. (C) Silencing Smad3 abrogated the inhibition of sFGFR2c on α-SMA expression. The data represent the mean values ± SD of two experiments, each in duplicate. The asterisks represent statistically significant differences between cells stimulated with 4 ng/mL TGF-β1 and nonstimulated cells (*p < 0.05); the triangles represent statistically significant differences between cells stimulated with 4 ng/mL TGF-β1 and cells treated with 4 ng/mL TGF-β1 plus 40 ng/mL sFGFR2c (*p < 0.05).
determined that the dissociation constant (Kd) of sFGFR2c to FGF-2 was 5.44 × 10 -8 mol/L, consistent with the result of Ibrahimi et al. (22) .
TGF-β1 Induces the Release of FGF-2
After 0.5, 1 or 24 h of induction with 0, 1, 4 or 8 ng/mL TGF-β1, ELISA assays determined that FGF-2 was released at up to 9000 pg/mL per 10 5 cells, which was more than 45 times the level of the control ( Figure 1B) . The highest release occurred when TGF-β1 was 5 ng/mL and the induction time was 1 h. These results also showed that TGF-β released FGF-2 very quickly, which is consistent with the results of Khalil et al. (26) . After 24 h induction with 10 ng/mL TGF-β1, the release of FGF-2 was almost equal to the highest amount, which suggests that new FGF-2 expression was induced by TGF-β.
Expression of FGFRs and Isoform Switching by TGF-β1 in Primary Mouse Lung Fibroblasts
The expression of FGFRs was detected by real-time RT-PCR in fibroblasts (Figure 2) . FGFR2c expression was upregulated dramatically after induction with 4 ng/mL TGF-β, even though the FGFR1c level increased only slightly (27) . The function of TGF-β was converted in part by sFGFR2c.
Because the most appropriate ligand of FGFR2c was FGF-2 (28), we speculated that the significance of the intense elevation of FGFR2c by TGF-β was the enhancement of the FGF-2 response in fibroblasts.
sFGFR2c Inhibits Fibroblast Cell Proliferation in the Presence of FGF-2
A CCK8 assay showed that concentrations of 20, 40 and 80 ng/mL sFGFR2c significantly inhibited the stimulatory effect of the proliferation of fibroblasts by FGF-2 (10 ng/mL) (Figure 3) . The highest growth rate of FGF-2 was approximately 270%. The lowest growth rate in the presence of FGF-2, at 80 ng/mL sFGFR2c, was 130%. This finding suggests that recombinant sFGFR2c inhibited the mitogenic activity of FGF-2 by competing with membrane-bound FGFRs through binding to FGF-2. The inhibitory effect of sFGFR2c was dose dependent. However, in the absence of FGF-2, sFGFR2c did not exhibit any significant inhibitory effect.
sFGFR2c Inhibited the Expression of Genes Related to Fibrosis Induced by TGF-β1
The genes of α-SMA, PAI-1, TIMP3 and FN1 participate in the deposition of ECM during the process of fibrosis (29) (30) (31) . In primary mouse lung fibroblasts, the expression of these genes was upregulated strongly by both TGF-β and FGF-2 but was markedly impaired to varying degrees by sFGFR2c (Figure 4 ). Because our target was α-SMA in this study, we noted that α-SMA expression was affected by TGF-β, FGF-2 and sFGFR2c. The level of α-SMA increased when induced by both FGF-2 and TGF-β. α-SMA reached its highest level when induced by 4 ng/mL TGF-β but did not increase further when FGF-2 and TGF-β were given at the same time. α-SMA induction by TGF-β was inhibited by concentrations of 20, 40 and 80 ng/mL sFGFR2c, and the lowest amount of α-SMA was found when the concentration of sFGFR2c was 40 ng/mL and the concentration of TGF-β was 4 ng/mL. Therefore, we selected 40 ng/mL as the dose of sFGFR2c used to inhibit the α-SMA expression that was induced by TGF-β in the following work.
sFGFR2c Inhibits the TGF-β1-Induced Expression of α-SMA
Importantly, in the process of lung fibrosis, TGF-β can induce the differentiation of fibroblasts into myofibroblasts, a transition that is characterized by the presence of α-SMA in cytoplasmic stress fibers (4, 32) .
Western blotting assays showed that both TGF-β1 and FGF-2 significantly increased α-SMA levels inside primary mouse lung fibroblast cells 1 d after induction ( Figure 5 ), whereas sFGFR2c and anti-FGF-2 abrogated the induction of α-SMA expression by TGF-β1 or FGF-2 ( Figure 5 ). These results suggest that the FGF-2 that was released by TGF-β1 could promote α-SMA expression and play a role in the differentiation of fibroblasts into myofibroblasts. Meanwhile, sFGFR2c could inhibit this process by inactivating FGF-2, for example, by anti-FGF-2. The Western blotting result also showed that α-SMA expression was not enhanced when FGF-2 and TGF-β were given at the same time.
TGF-β1 Activates ERK, p38 and JNK MAP Kinase; Activation of ERK and p38, but Not JNK MAP Kinase, Is Diminished by sFGFR2c
It is known that TGF-β1 activates MAPK signaling pathways in different cell systems, including ERK1/2, JNK and p38 MAPK (26) . Immunoblotting revealed that the phosphorylation of ERK1/2, p38 and JNK was detected after 30-min induction by 5 ng/mL TGF-β. Similarly, 40 ng/mL sFGFR2c diminished the activation of ERK1/2 and p38, but not JNK ( Figure 6A ). Because ET-1 is an important mediator in α-SMA expression, which was induced by TGF-β through the JNK signal pathway (10, 11) , this result suggests that the inhibition of sFGFR2c on α-SMA expression may not be related to ET-1.
Only the Activation of ERK1/2 Is Involved in the TGF-β1-Induced Upregulation of α-SMA
To further assess the relationship between the TGF-β1 induction of α-SMA and the sFGFR2 inhibition of ERK and p38, primary lung fibroblasts were incubated with TGF-β1 for 24 h in the presence or absence of 10 mmol/L PD98059 (an ERK inhibitor) or SB203580 (a p38 inhibitor). Cellular extracts were prepared, and TGF-β1-induced α-SMA upregulation was found to be inhibited by PD98059 but not by SB203580 (Figures 6B, C) . The results demonstrated that ERK1/2 but not p38 activation played a role in the TGF-β1 induction of α-SMA, which suggested that the inhibitory activity of sFGFR2c on α-SMA induction by TGF-β1 is related to the phosphorylation of ERK1/2. The Smad3 Pathway, but Not the Smad2 Pathway, Is Involved in the Induction of α-SMA by TGF-β1, and the Activation of α-SMA Is Inhibited by sFGFR2c
In fibroblast cells, TGF-β1 activated the Smad2/3 signal pathway ( Figures 7A, B) , which was related to α-SMA induction. Both sFGFR2c and anti-FGF-2 inhibited the phosphorylation of Smad2/3, indicating that there is crosstalk between FGF-2 and the Smad signal pathway. Furthermore, sFGFR2c inhibited the expression of α-SMA in Smad2-silenced cells but not in Smad3-silenced cells, which suggests that the expression of α-SMA is regulated by sFGFR2c through the Smad3 but not the Smad2 pathway ( Figures 7B, C) .
The BLM-Induced Early Inflammatory Response Is Affected by sFGFR2c Treatment
Inflammation occurs after BLM injury and is thought to contribute to the fibrotic process (33) . To analyze the inflammatory response over time, we collected BALF from mice at the 10th d (Figure 8 ). The total number of cells was determined, and a differential cell count was also performed. Our results indicated that the BLM group as well as the BLM + sFGFR2c group had a large amount of inflammation and cell infiltration in the BALF compared with the saline and saline + sFGFR2c control animals. The total number of cells as well as the percentage of macrophages, lymphocytes and neutrophils in the BLM + sFGFR2 group were distinctly lower than in the BLM group, which suggests that sFGFR2c inhibited BLM-induced fibrosis by suppressing the inflammatory re- sponse in mice. Although FGF-2 is a known mitogen and angiogenetic promoter and is often upregulated after wounding and inflammation, there is no direct evidence to identify its relationship to inflammation. The mechanism by which sFGFR2c inhibits the BLMinduced inflammatory response in the lungs of mice will need to be explored in further studies.
sFGFR2c Inhibits the Expression of Profibrotic Marker Genes in the Mouse BLM Model
After 17 or 31 d, the animals were killed, and the level of fibrosis was determined by the gene expression profiling of TGF-β1, FGF-2 and CTGF from isolated lung tissue. As shown in Figure 9 , the expression of these factors was very low in the saline-treated and saline + sFGFR2c-treated control group and increased after BLM treatment on d 17. In mice exposed to BLM, treatment with 50 μg/daily sFGFR2c from d 3 to d 31 and d 10 to d 31 resulted in expression levels comparable to those observed in the mice from the two control groups.
sFGFR2c Effectively Inhibited BLMinduced Pulmonary Fibrosis
In vivo, our results demonstrated that the survival rates of the BLM and BLM + sFGFR2c groups were 50% and 80%, respectively, by d 31 ( Figure 10B ). The lung quotient of the BLM + sFGFR2c group was less than that of the BLM group ( Figure 10C ). The HE staining assay showed that lung fibrosis increased in severity after mice were given BLM from d 3-31. In BLM-treated mice, 50 μg daily sFGFR2c for 4 wks significantly prevented BLM-induced lung fibrosis. Using a hydroxyproline assay and Masson staining ( Figures 10D, 11A , respectively), we observed that sFGFR2c effectively inhibited the deposition of collagen I during lung fibrosis. We also examined the inhibitory effect of sFGFR2c on BLMinduced fibrosis when it was administered intraperitoneally from d 10 to 31. HE staining results showed that sFGFR2c could also reverse the fibrosis successfully, suggesting a therapeutic potential for sFGFR2c in lung fibrosis ( Figure 11A ). Immunohistochemical staining indicated that sFGFR2c significantly inhibited the phosphorylation of FGFRs, ERK1/2 and Smad3, and the expression of α-SMA (mesenchymal cell markers) ( Figure 11B ). These results are consistent with the results described above in primary mouse lung fibroblast cells. In addition, the expression of CD34 (a marker of new vessels) was observed. The levels of CD34 were high in the BLM group, the BLM + sFGFR2c group and the BLM + sFGFR2c (1 wk later) group compared with the saline group and the saline + sFGFR2c group (no clear difference between these two groups), which indicated that sFGFR2c had no obvious inhibiting effect on angiogenesis even though it was an FGF-2 antagonist.
DISCUSSION
FGF-2, a well-known mitogen, is believed to play a role in lung fibrosis by promoting the proliferation of fibroblasts and myofibroblasts (14, 34) . However, scientists have realized that the function of FGF signaling in the fibrosis process is complex. It has been reported that FGF-2 is an important contributor to EMT by stimulating microenvironmental proteases essential for the disaggregation of organ-based epithelial units (14, 35) . The expression of mesenchymal markers, such as α-SMA and FSP-1, seems to be affected by FGF-2 (36). Furthermore, TGF-β and FGF-2 might cooperate with each other and regulate the EMT of various types of cells in microenvironments during cancer progression (18, 37) . However, there have been contrary reports, including results that suggest that TGF-β1-induced EMT is reversed by FGF-1 in IPF (19) .
In our study, TGF-β promoted the release of a large amount of FGF-2 quickly, as well as promoting the expression of FGFR2IIIc (the most common receptor of FGF-2 [28] ), and formed an integrated The amount of collagen as measured by hydroxyproline assay. l represents the saline-treated group; n represents the group treated with saline and sFGFR2c; t represents BLM-treated group; * represents the group treated with BLM and sFGFR2c; s represents the group treated with BLM and sFGFR2c (1 wk later).
and enhanced signal pathway for FGF-2. This finding suggests that the relationship between TGF-β and the FGF-2 signaling pathway is very close.
sFGFR2c can bind to the FGF-2 released by TGF-β and inhibit the activation of the FGF signaling pathway by blocking the binding of FGF-2 to membrane FGFRs (21) . Previous reports indicated that, in some instances, FGF-2 is profibrotic via the MAPK signal pathway and stimulates the binding of AP-1 to DNA, a nuclear factor required for the activation of multiple genes involved in fibrosis (16) , including α-SMA, PAI1, TIMP3 and FN1 (29) (30) (31) . In our studies, we observed that sFGFR2c inhibited the induction of these genes by TGF-β. Such results suggested that the FGF-2 that is released by TGF-β might play a role in the expression of the fibrotic genes that are induced by AP-1 and that the inhibition of sFGFR2c might function by blocking the FGF-2 signal.
The degree to which sFGFR2c or anti-FGF-2 was found to abrogate α-SMA induction by TGF-β1 was beyond our expectations. In some reported studies (38, 39) , δEF1 was found to be required for the TGF-β-mediated induction of α-SMA. Therefore, we speculated that FGF-2 could activate ctBP1 through the MEK-ERK pathway and bind to δEF1, thereby playing a role in the α-SMA induction by TGF-β. Because the different signal pathways and their different functions exist in different cells, it is necessary to further explore the relationship between TGF-β and FGF-2 in the induction of α-SMA. Because PD98059, an inhibitor of ERK1/2, could inhibit the induction of α-SMA by TGF-β1 in our study, the ERK1/2 signaling pathway might be the point at which TGF-β1 and FGF-2 converge in the induction of α-SMA expression. The inhibitory effect of sFGFR2c on BLM-induced lung fibrosis is also related to this pathway.
In our si-Smad3 experiment, the α-SMA expression that was induced by TGF-β1 was diminished, indicating that the α-SMA expression was Smad3-dependent, which is consistent with the Figure 11 . The effects of sFGFR2c on BLM-induced pulmonary fibrosis. Histological analysis of the lungs was performed in the mice treated with saline, saline + sFGFR2c, BLM and BLM + sFGFR2c at d 10, 17 and 31. (A) In the mice treated with BLM, there was more distortion of the alveolar architecture (HE staining) and deposition of collagen (Masson) compared with the mice treated with BLM + sFGFR2c. CD34 (a marker of new vessels) was assayed immunohistochemically, and no clear inhibitory effect of sFGFR2c on angiogenesis was found. (B) The phosphorylation levels of FGFRs, ERK1/2, and Smad3 in the group treated with BLM + sFGFR2c were lower than those in the group treated with BLM.
